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By L a d s  E. W a l l n e r  and John 'I!. Wintler 

Several  turbojet engines w i t h  both  constant- and variable-area noz- 
zles have been invest-igated in the NACA L e w i s  a l t i tude  wfnd tunnel  over 
a wide range of flight conditions w i t h  aiid without afterburning cycles 
(burming of additional -fuel ' in  the  tai l ,   pipe).  The pertinent  data frm 
these many studies have been.collected and anauzsd to extend full-scale 
nozzle performance t o  higher  exhawt-nozzle pressure ra t ios  asd t o  
investigate the affects -of constant- and vmiable-area  nozzles on 
turbojet-engine  operation. Velocity coefficients f r o m  0.94 t o  0.99 and 
flow coef'ficients from 0.95 t o  0.99 were obtained for the conical noz- 
z l e s  wfth  exhaust-nozzle pressure ra t ios  up t o  3.6. For a Taxiable-area 
nozzle that was almost planar in both the open and closed positione, a 
constant  velocity coefficient of about 0.98 above the c r i t i c a l  pressure 
ra t io  waa obtained. 

Engine  perfomnance of several turbojet engines  with  both  constant- 
area asd vw?iable-area  nozzles waa investigated over a  range of thrusts. 
The time ra te  of thrust  & w e  of a turbojet engine could be materially 
improved by uee of a variable-mea, as compared with a constant -area 
exhaust  nozzle; at 45,000 feet, a  25-percent thrust change w i t h  a variable- 
mea nozzle required only 7 percent of the time  required  with  a  constant- 
area nozzle. The specific fuel consumption obtainable at a given thruet 
waa about the sa1116 f o r  both  types of exhaust nozzle. For t h e  prkioular  
turbojet engine ana afterburner  investigated  with a two-position exhaust 
nozzle, the nozzle  area was t o o  small t o  permit afterburning t o  m a x i m u m  
exhaust-gas  temperature at an altitude of 5000 feet  and t o o  large  for  the 
attainment of limiting turbine-outlet temperature at an altitude of 
45,000 feet.  Specific  fuel consumption w i t h  afterburning is a l s o  penal- 
ized at t h rus t s  below the design  value for the two-position  nozzle because 
of lowered turbine-outlet temperature and pressure; a t  120 percent of rated 
net thrust (der0 the  two-position  nozzle was aeeigned for 135 percent 
of ra t& thrust), the  specific  fuel consumptions were 2.40 and 1.88 f o r  
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the two-pos i t ion  and variable-mea nozzle, respectively. With a 
variable-area  nozzle,  the  thruet and specific  fuel coneumption can be 
improved becaae  the  area can be adjusted t o  maintain  canetaat - turbine- 
out le t  taperatnre and preersure. 

It fs a well-known fact   that  t h e  f7mct;ion of t h e  exhawt nozzle on 
a turbojet engirte iB t o  change the  available energy of a hot-gaa stream 
into tbruet. Becarme of this  service,  the nozzle efficiency  influences 
directly  the jet ehruat of the engine'. O f  equal lnrportance ie the con- 
tribution which a  variable-area  nozzle can make to  the  operational per- 
formance of the engine. 

Most exhaust  nozzles in  use today have a relative-  high  efficiency, 
and improvements i n  nozzle  design  therefore do not  afford m eigniflcant 
improvement Fn engine performance a8 can be realized by a subertanti@l 
imp?ovamept i n  8- of the  other lese efficient  cmmnmtg such a8 the 
compre8sor or  the  turbine. l?e'obably because the n o z z l e  efficiency is BO 
high, wry few quantitative data on nozzles m e  a-lable although such 
data are essential t o  the designer of a j e t  powerplmt and t o  t he  evalu- 
ation of jet-engine  perfomance. PeHormance data on full-ecale 
constant- a;nd variable-ma must nozzles at nozzle peesure ratios up 
t o  2..0 which  were obtained fram sea-level  static  turbojet-engine  investi- 
gations  are  reported  in  references I and 2. Investigatione of s m a l l -  
scale nozzles with cold a i r  fo r  pressure  ratiQa.up t o  3.2 are reported 
in  references 3, 4, and 5. The performance data on ,$ull-scale conetant- 
and variable-area  nozzles were extended herein t o  exhaust-nozzle  pres- 
~ u ~ e  ratios of 3.6 by a series of inveetigatiom on several  turbojet 
engines under a  varfety of flight conditione. A camparison of these 
data with t h e   s m - . s c d e  nozzle data in   the. i i terature  is  made. ' 

The application of the  vaxiable-area nozzle t o  a turbojet engine 
increases the f lexibi l i ty  af the engine per f 'mnce  and under certain 
operating  conditione may afford an increase in available thruet and a 
decrearee in  speciric fuel consumption. 'J!bru5t modulation a t  a fixed 
engine speed is possible by changing the exhauet-nozzle area, and a 
much f m t e r   r a t e  of change in thrust ia po68ible by changing the exhaust - 
nozzle area a t  a fixed engine speed than by changing the engine speed 
while  holding the exhamt-nozzle area cons.t;ant. Became the same thrust 
is available over a range of engine 8pe& if a variable-area nozzle is 
wed, the engine may be operated a t  the speed and the temperature at 
which minFmum specffic fuel conamption is obtained. The 8x88 of a 
constant-area nozzle  for a turbo jet engine is mually ohoeen t o  glve 
limiting  tmbine-outlet temperature at rated speed f o r  a static sea-level 
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f l i gh t  condition. Became of Reynolds number effects on the engine at 
altitude,  limiting  tamperatme is often reached a t  an engine speed. leas 
than rated. A change in area from the  sea-level value could d e  rated 
speed and rated  tmprature  coincident  at  altitude, if the engine were 
equipped w i t h  a variable-ares nozzle. When an afterburner is added to a 
turbojet engine,  a variable-area nozzle is essential if rated engine speed 
and turbine-outlet temperature Gid high  afterburner  efficiency are to be 
maintained for a range of aFterburner fuel  flows and flight  conditions. 
same experimentai data  taken from turbojet-engine  investigations are 
presented herein by which the  quantitative  effect of a variable-area 
nozzle on engine performance variables can be evaluated. Thia  inveeti- 
gation waa done at the NACA Lm5s Labora tq .  

Pertinent  data on the  axial-flow engines used in this inveetigation 
me given in   the  following table: 

Engine Engine Rated thrust 
~~ 

Ob) pressure 
r a t i o  

A 

1.84 4000 C 
1.82 3200 B 
1.83 520 0 

m i n e  

nozzle area ratio r a t  i o  

Conical Compressor 
temperature exhaust- prmsure 

(sn in.) 
3.29 

213 4.0 3.12 
17 1 3.8 2.95 
280 5.2 

These engine data axe f o r  rated sea-level  static  coditions . A 
typical engine installation in the  altitude wind tunnel is shown in 
figure 1. 

The nozzle sizes and tgpes,  together with the range of pressure 
r a t i o s  investigated, were as follawe: 
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ber 

1 
2 
3 
4 
5 
6 

7 
- 

Conical, constant  area 
Cmioal,  constant  area 
Conical, constant area 
Conical, cmtan t   a r ea  
Conical, constant  area 
Variable-mea, non- 

planar  clamhell 
Variable-area, planax 

clamshell 

19.06 
19.06 
18.88 
17.15 
14516 

""- 
_. 

out let 
mea 

( E ¶  in* :  

285 
285 
280 
231 
171 

"" 

147-270 

316-462 

"- .. . . 

mtma 
nenta- 
t im  

P i a -  
e ter  

ratio 
3.995 
.919 
.995 
.990 
.981 
See 

text 
See 

text, 

pres - 
ra t io  
r w e  
invea t 5 
gated 

su re  - 

1.2-2.9 
1.2-2.9 
1.1-2.0 
1.2-2.2 
1.2-3.6 

1.2-3 -4  

1.2-3.3 

17 
-. 

17 
20 
20 
20 

Instrumentation  diameter r a t i o  is deffned aa the   ra t io  of the 
nozzle-exit  diameter t o  the diameter a t  the nozzle  instrumented 
memuring station. For nozzles I, 3, 4, and 5 in the foregoing table, 
the lneasuring station was located 1 inch  upstream of the  exit-. (See 
downatream meaeuri station,  f ig.  2(a),) ~n addition,  Instrumentation 
was also located 1 4 ~  incheer upstream of the exit in nozzle 1; data 
obtained fram this measuring station are designated 88 nozzle 2 in the 
foregoing table. (See upstream measuring station, f fg. 2(a).) 

I 

" 

. -  

Survey rakes for t h e  variable-area  nuzzles were placed  1-inch 
upetream of the fixed inner l i p  of these  nozzles (fig. 2(b) ) .  The areas 
a t  the msasurlng statione were 298 and 500 aquare inches f o r  nozzles 6 
and 7, respectively.  Variable-area  nozzle 6 is designated  the nonpl- 
nozzle  became the axi t  shape i~ e l l ip t ioa l  asd nonplanar in t he  closed 
position, d thou& it f a  o i r o u ~  in the open posftion (fig.  3) .  TME 
nozzle WBB of the clamhell type with  pivot pointx a t  the top and bottom 
of the t a i l  pipe.  Amotor-driven yoke w&15 wed t o  oh-aage the nozzle 
area. Flexible steel sealing st r ips  were imta l led  on the upstream edge 
of the movrtble lips t o  minimize g a  leakage. ' The exit shape of nozzle 7, 
designated aa the planar  variable-area  nozzle,. w m  almost circular and 
in a s ing le  plane in  both the open and closed  positlone (fig. 4 ) .  m e  
mechanical construoGion of this nozzle waa eimilar t o  that of the mn- 
planar nozzle. 

All nozzles w a r e  extensively instmted f o r  meamring t o t a l  pres- 
sure, s t a t i c  pressure, and temperatures.  Typical  exhamt-nozzle  inetru- 
mentation rakes installed in a  conical  nozzle are i l lust rated in fig- - 

me 5. The upstream instrumentation rake of nozzle 1 'W&B in a hori- 
zontal  plane t o  minimize the  effect of its wake on the readinga of the 
damstream rake in  the vertiml plane. . 
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The performance data f o r  t he  various  nuzzles were obtained f rcm 
investigations of axial-flow  turbo  jet engines with and w-ithout after-  
burners. These data were obtained over a  range of alt i tudes from 5000 
to 45,000 fee t  and a t  s imulated f l igh t  Mach nunibera f'ram 0.2 t o  1.1. 
In order t o  make a conparieon of the  specific  fuel coneumptiom w-ith 
constant- and variable-area  nozzles, the three engines were operated ov8r 
a wide thruat r3nge at   several  flight codi t ions w-ith both exhaust noz- 
zles. The time required t o  vary engine tihruat by changing the  nozzle 
area at   ra ted engine speed and by ahanging the  rotating speed w i t h  
constant  nozzle  area was experimentally  detemined. By operating an 
engine a t  low and high altitude  with both canstant- and vasiable-area 
nozzles, it was possible t o  evaluate  the  effect of changing nozzle area 
a t  two altitudes on the maximum obtainable thruat. 

The effects of alt i tude on the performance of a turboJet engfne 
equipped w i t h  an afterburner were obtained for both constant- and 
miable-area  nozzle  operation. The data f o r  afterburning  operation 
w i t h  a  two-position exhawt nozzle were obtained from tests w i t h  a  lazger 
conical  nozzle or by locking  the planax variable-area n o z z l e  in the 
wide-open positfon. 

L 

MethoaEJ used for the reduction of the b t a  me presented. in the 
appendix. 

Constant-Area-Nozzle Performance 

Velocity and flow coef'ficienk. - nozzle perfomnanoe b presented 
in terms of effect in   veloci ty  coeff icienta and flow  coefficients . The 
effective  velocity  coefficient is defined aa the   ra t io  of actual j e t  
velocity (determined frm scale thrust meaaurezmnts ana m s  flow) t o  
the effective  jet  velocity (determined from preaeure ad temprature 
mea~luremsnts i n  the exhaust nozzle). The flow coefficient is the ra t io  
of the  actual ma86 flow aa msasured by inetrumentatim  at the engine 
inlet  t o  the  theoretical maas flow determined from meaauremente in  the 
exhaust  nozzle. The coefficients are ahown aa a function of nozzle pres- 
sme ratio,  which fa defined aa the   ra t io  of the t o t a l  pressure at the 
nozzle  measuring statlon t o  the ambient s t a t i c  pressure. 

The variation of effective  velocity  coefficient  (hereinafter  called 
velocity  coefficient)  with  nozzle pressure ra t io  is shown in figure 6 
f o r  a nuzzle i n  which both the  uwtream and d m t r e m  instrumentation 
rakes were installed.  Velocity  coefficients of about  0.95 and 0.99 were 
obtained a t  nozzle pressure ra t ios  of 1.4 and 2.8, respectively, f o r  
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meaauranents at both the upstream and dow&tream instrumented stations 
(see f ig .  6). The loss i n   t o t a l  pressure between the two measuring 
sta t iom ma not p e a t  enough t o  af fec t  the velocity coefficients 
ap-preciably. The principal pressure losses therefore  occur between the 
downatream imtrumented stat ion and t h e  nozzle exit; as a result ,  coef- 
f ic ients  based on a darnstream  instrumentation  station  for  the subse- 
quent nozzles are considered valid. 

Velocity  coefficients  for nozzlelJ with cone half angles of 2.3O, 
4 .  go, and 8.2O are shown in f igwe 7. Although a maximum sca t t e r  of 
about 3 percent  occurs . i n  the data at .low pres.sure ratios,  a single 
curve at a value of about 0.97 f Its t h e  data for each nozzle. The 
velocity  coefficients preeented in figures 6 and 7 were obtained f r o m  
nozzles  investigated on engines . A  and B> .respectively. The differenceer 
of the curves in these CWO figure8 a m  at t r ibuted  to  the vaY.iation in 
pressure  distributians of the flaw entering the  nozzles rather than t o  
the  nozzle  geometries. 

Flow coefficienk are shown 88 a function of nozzle preseure r a t i o  
0 

at  diameter ra t ios  of 0.919 and 0.996 in figure 8 f o r  a nozzle wlth a 
cone half angle of 3.4' and an outlet  diameter of 19.06 inches. The f l o w  
coefficients  for a diamster r a t i o  of 0.919 (fig.  8(a)) a r e  about I per- - 
cent lower than the coefficients  obtained a t  a dFameter r a t i o  of 0.995. 
F l m  coeff icientk f o r  nozzles wlth cone half angles of 2.3O , 4.90, and 
8.2O a r e  shown i n  figure 9. Coefficients of 0.96 and 0.99 were obtained 
at pressure  ratios of 1.2 and. 2.2 , respectively,  for  both  the 4. and 
8.2O nozzlee . Data for the 2.3' nozzle  scattered  too much t o  determine 
a definite curve. 

Scale effects. - Considerable perfozmmce data are available on 
small-scale nozzles with cold air (references 3, 4, and 5). Investi- 
gations with full-scale  nozzles on turbodet  engines need not necessarily 
give the same results. A c m p r i s o n  of full-scale h t a  h t h  small-scale 
data  obtained from several  different aources is sham in figure 10, 
where velocity and flow coefficients are plotted a8 a function of  noz- 
zle pressure ratio.   Althorn a m  differences i n  cone angle8 and 
diameter r a t io s   fo r  the nozzlee .we presented i n  this comparison, such 
difference8 have been shown t o  have l i t t l e  efqect an the velocity coef - 
ficient8.  (See reference 2 . )  However, differences in nozzle geometry 
do a9fect t h e  f lm  coefficients; only nozzle8 w i t h  comparable cone angles 
Ebnd diameter ratioe a r e  thus presented for the flow-coeff icient 
cornparlaon. 

. - . " ,  

A t  the low pressure  ratios, the velocity  coefficients of the full- 
scale  nozzles (Which m e  the c m e s  presented Ln fig8. 6 and 7) are  
between 0.95 and U. 97 and at  the hi& gregsure ra t ios  vary from 0.97 t o  
0.98. The velocity-coefficient curve f o r  t h e  70 s m E s l l - B C a l 0  nozzle 
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(reference 5) is similar t o  the full-scale  results,  but  there is con- 
siderable disagreement between the curved f o r  references 3 and 4 and 
the curves of t h e  full-scale nozzles. 

rche flow coefficients f o r  the full-scale nozzles (data from figs. 8 
and 9) increased from 0.96 a t  law pmasure ratios t o  about 0.99 at high 
pressure ratios. The curves of reference 3 are from 3 t o  5 percent 
l m r  at a l l  nozzle pressure ratioe. Two factora that may contribute  to 
the differences In the nozzle coefficients are (1) temperature and pres- 
sure gradients due t o  hot  exhaust gas from the engines used in the full- 
scale  investigatiom, and (2) probable differences in boundary-layer 
thickness. 

Variable-Area Nozzles 

Velocity  coefficients f o r  the two wiable-mea nozzles investi- 
gated are sham a8 a functfon of pressure r a t io  in figure 11. Although 
a velocity  coefficient  [fig . l l(a) ) of about 0.98 w m  obtain& at a 
pressure ra t io  of 1.3 for   the m n p h m r  nozzle i n  t h e  open p i t i o n  
(where the  exi t  ehape m plan=), coefficients of 0.90 an& lower were 
Obtsined at high pressure ratios with  the nozzle in the closed  posttion 
(*ere the exit shape was e l l i p t i ca l  and. nonplanar). The low velocity 
coefficients probably reeult from the fact   that  the jet issuing from the 
nozzle in the clorsed p a i t i o n  hae a radial component; hence, same Crp the 
mamenturn of the exhaust gaaes does not  contribute to   the thrust force 
produced by the nozzle. 

Above the  cri t ical   pressure  ratio (about 1.85), a constant  velocity 
coefficient of 0.98 WBB obtained f o r  the planar  clamshell  variable-area 
exhaust nozzle (fig.  ll(b) ) . A t  a pressure r a t i o  of 1.2, a velocity 
coefficient of 0.97 waa obtained for the  planar nozzle in  the  open posi- 
t ion ,  and 0.93 in   t he  half-open position where the nozzle w a s  least  
planar. From these data on variable-mea nozzles it is apparent &hat 
the degree of planar i ty  of the nozzle exit  has an impor-tant effect on 
the  velocity  coefficient . 

Flow coefficients  for the variable-area nozzles are presented in 
figure 12. The nozzle area projected on a plane perpendicular t o  the 
engine center  line wae used i n  computing the  theoretical ma~s flow; 
theref ore, changes in  nozzle area have a l u g e  effect 011 the flow coef - 
ficients f o r  the nonplanm nozzle (fig.  E!(a)). Flow coefficients in  
excess of 1.0 attest t o  the dispersal of some of the flow in a direction 
other than axial when the nozzle is i n  t h e  closed  position. Flow coef- 
ficients for the  planar vasiable-aslea nozzle, which are not affected by 
changes in e a a u s t  nozzle "ea, Faoh a naa~~b-p of' about 0.96 at a 
pressure  ratio of 3.2 (fig. 12(b)). 
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T h m  required f o r  thrust changes. - 3'kom a tactical  point of view, 
the tims required t o  change the thrust of a  turbojet engine ia of great 
Fnrportance. Cansidersltions mch as aircraft  acceleration  or  decelera- 
tion m e  directly aependent upon the degree of thrust dhange obtaiaable 
within a given time.  Thrust control of a turbojet engine equipped w i t h  
a canstant-area exhaust  nozzle ie  effected by variatfons in  rotating 
speed. Because of the.. decreased air depaiiq at hi@er  altltudaa, lese 
turbine p m r  I s  aTai1able to  accelerate  the .e.pgine while the inertia 
of the  rokatlng -parts- remaim conetaat; as a result, the time  required 
t o  change the thruJ3t increases x i t h  altitude for a turbojet engine with 
a  constant-area  nozzle. For an engine .equipped wlth a variable-area 
e-awt nozzle, thrust control 0811 be obtained merely by varying the 
exhauet-nozzle area. A comparison of the time required t o  increme the 
Jet  thrust from 30 percent and 7 5  percent t o  100 percent of rated  Jet 
thrust f o r  .engine A operat- with each type of exhaust nozzle is sham 
by the follaring data   a t  a- f Ugh+ Ma&. number.. of 0.218 . .  -" . .  - " 

15,000 Comtant 30 100 57.6 100 I Variable 1 30 I 100 1 64.9 1 100 
I I I I 
I 

45,000 

100 81.8 100 75 Constant 

100 70.6 100 30 Taxiable 
100 67.2 100 30 Constant 

c 
. " 

7.8 
5.2 .. 

4.2 
1.8 

37.4 
20.4 

.. . 

24.6 
1.8 

" 

" 

(For these thrYat .variatione the fuel valve w-aa changed a t  such a r a t e  
t o  keep the &aust-gaa  temperature  within the prescribed limits.) 

A thrmst increaEIe from 30 percent to 100 p r c e n t  of rated thruElt 
can be accomplished with a variable-area  nozzle in about 0.67 and 0.55 
d the time required w i t h  a constant-area  nozzle at 15,000 and 
45,000 feet, respectively. A thrust increase fram 75 percent to 100 per- 
cent can be accmpllshed with a  variable-area  nozzle in a small fraction 
of the time rerquired w i t h  a constant-&?ea  nozzle because . n o  change i n  
engine speed is needed in this thrust range with the  variable-mea . 
exhaust noz z le. 

.I 
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Specific fuel consumption. - In order t o  determine the effects of 
constant- and. vmiable-area exhaust nozzles on epecific fuel coneumption, 
data were obtained from three engines that were operated  over a wlde 
range of thrust  conditio%  with both nozzles.  Thruet  with  the  constant- 
area  nozzle waa v-&ried by chan@;ing the engine speed; thrust with the 
miable-area  nozzle waa varied by changing the nozzle a rea   a t  conetant 
epeed. Specific fuel consumption is plotted as a function of net thrust 
f o r  each of the engines in f & p r e s  13 t o  15. The thrust used f o r  this 
cmpariaon w&8 calculated from pressure msaaurements upetream of the 
exhaust nozzle to e l b i n a t e  the effects of velocity  coefficients from 
t h e  compsrison. (=am t h e  data on velocity  coefficients greviousLy 
sham, it would be possible t o  we either a  constant- or planar Tariable- 
area nozzle ~5th approximately the same velocity  coefficients.)  Results 
of operating engine A w i t h  constant- and variable-mea nozzle8 a t   a l t i -  
tudes from 25,000 t o  45,000 fee t  and a flight Mach number & 0.21 are 
presented in   f igure 13. The maximum difference between conetant-area - 
variable-epeed and variable-area - optimum-speed operation  (the speed 
and nozzle-area ccanbination that wt11 resul t  in  the lowest value of 
specific fuel cansmption) i e  about 5 percent at an al t i tude of 
35,000 feet  and. 70 percent of rated  net thrust. 

The operating  linea  for e w n e  B equipped with a  constant-area noz- 
zle  indicate lower specffic  fuel coneumptions for same thrust values as 
compared with  the  specific  fuel coneumptions s h m   f o r   t h e  engine w i t h  a 
variable-area  nozzle. (See f ig .  14. ) Became it is possible t o  dupli- 
cate with the miable-area  nozzle any operating  point of the conetaut- 
area nozzle,  equally low specif ic   fuel  consumptions are obtainable  with 
both nozzles.  Eractically  identical  specific fuel commmptione were 
obtained f o r  the two d e s  of engine  operation at each thrust inves ti - 
gated f o r  englne C (fig.  15) . 

In addition t o  the three experimental engines investigated,  the 
variation of specific  fuel coneumption w-ith thrust w m  calculated f o r  a 
hypothettcal  axial-flow  engine where the component efficiencies were 
assumed constant. The calculated  results  indicated  that equal specific 
fuel  consumptions  were obtained for  variable-speed and variable-area - 
constant-speed  operation. 

In general,  a3out t he  same specific  fuel consumptione were there- 
fore obtainable f o r  engine operation with either a constant- o r  variable- 
mea exhaust  nozzle for three axial-fluw experfmental  engines and a 
hypothetical engine with conetant component efficiencies . Emver ,  if 
w-idely different compressor efficiencies were encountered for the two 
modes of engine  operation, the specific  fuel consumptions  might no 
longer agree at a l l  thrust levels. 

Taxiation of net thrust with exhaust-nozzle area. - The 
relation between net thrust and nozzle area f o r  two-axial-flow 
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f iguree 16 and 17. Rated net thrust fo r  operation w i t h  the variable- 
area  nozzles i e  defined as the "uat obtained at   l imiting exhaust tem- 
perature and rated engine  speed f o r  any one Pli&t condition. mangles 
in   a l t i tude between 15,000 and 45,000 feet  did not  affect the thrust 
reduction  obtained for a  given  increase in nozzle area. (See figure 16.)  
Increasing the nozzle  area  a given amount produced different thruEIt 
reduction for t h e  tmo englnes . Part of &e- difference  in  the  effect of 
=ea on th-ruet results from the different compressor pressure ra t ios  of 
the enginee and differences in  ccanponent efficiencies. The effect of 
variatiom i n  f l ight  Mach  number on the relation bekeen net  thrust and 
exhaust-nozzle area is Shawn in figure 17. Al thoue  a general  trend 
toward inorewed  thruet  reduction is noted a t  tihe higher flight Mach 
nunibere for a given kcreme in eduat-nozzle  area,  this trend is 
reversed for emne  A a t  a f 1i&t Mach number of' 0.92 ( f i g .  17).  

Tha.maxfmum thrust regulation  obtainable  with a change in both noz- 
zle area and engine speed is indicated  in  figure 18 f o r  engine B opera- 
ting a t  an alt i tude of 25,000 feet  and a flight Mach number of 1.05. A t  
rated engine speed, increasing  the nozzle are& from 1 t o  1.93 times the 
rated nozzle area reduced the net thrust from 100 t o  24 percent of rated 
net thrust (fig.   18(a)).  Because the thmzElt curves level off a t  nozzle 
are= greater than about 1.8 -times rated nozzle  area (f ig .  18(b) ), fur- 
ther thrust reductions can be obtained only by decreasing  the engine 
S p e e d .  

EPf ect a f .  edaus t  nozzles on max%mm Vmuet. - The variation of 
exbaust-gaa  temperature  wfth engine speed ia presented in  figure 19 for 
engines A and B at   a l t i tudes of 15,000 and 45,000 fee t .  These data are 
for the engines equipped with conical exhaust  nozzles that  were selected 
t o  give  lFmiting  e&aust-gas  temperature at   rated engine speed and an 
altitude of 15,000 fee t .  Because of the characterktic  decrease in 
axial-flow-uampressor efffcienog (reference S ) ,  and the increase  in cam- 
preesor Mach nuuiber, the  eaaust-gas temperature  obtained a t  a given 
speed rises w-ith increasing altitude. _At .q &Lt$&~@e . o f  45,000 feet ,  
limiting  turbine-outlet temperature  obtairied a t  94 a d  -91 percent 
of rated engine speed f o r  engines A and By &pectively . 

" 

. .  

A variable-ama e&auElt nozzle  provides control of the exhaust-gas 
temperature at constant engine speed by a change In nozzle area. 
Increasing the nozzle area t o  permit operation at rated engine speed 
for an alt i tude of 45,000 feet  would reeult in thruet increases of 3 asd 
6 percent for engine-s A and By respectively. The thruet c a s  
obtained for -the 6- and g-proent increasefl i n  engine speed axe lower 
than mi&t be expected becawe of choking at. &e 0r;rmxresSOr inlet  and 
the  decrease in compressor efficiency. 
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For a turbojet  engine equipped w i t h  an afterburner (cmplete des- 
cription of this cycle  can be found i n  reference 7) ,  t he  msximum obtain- 
able  thrust  and  specific  fuel consumption me influenced by the type of 
exhaust  nozzle. Adding an afterburning  cycle  to a norm1  turbo jet engine 
requires a change in the exhaust-nozzle area, which is a function of the 
increase i n  exhaust-gas  temperature due t o  the afterburner. In  order t o  
operate a turbo jet  engine equipped for  afterburning with or without the 
afterburner c y d e  operative,  the afterburner must therefore have either a 
two-position or a continuously  vaxiable-area  nozzle. Afterburner opera- 
t ion w i t h  the two-position  nozzle  requires the full-open position, where-  
as the variable-area  nozzle is opened t o  a position that depends  upon 
the degree of afterburning  desired. 

Effect of exhaust  nozzle on maximum thrust. - The variatim of 
turbine-outlet temperature, afterburner combustion efficiency, and exhaust- 
gas temgerature with  total  fuel-air r a t i o  is s h m  i n  figure 20 for  a 
turbojet engine operating w i t h  afterburning and a two-position  exhaust 
nozzle in  the open position. Although these data are not  necessmily 
general, they do indicate 8- of the shortccmings of aFterburner opera- 
t ion w i t h  the constant-area  nozzle. Increasing the al t i tude from 5000 
t o  35,000 feet raised the t o t a l  fuel-air r a t i o  at which lhuiting turbine- 
outlet  temperature w a s  obtained f r c g n  0.046 t o  0.053 as a direct resu l t  of 
the reduction in  afterburner ccmbustion efficiency. A further increase 
in   a l t i t ude   t o  45,000 feet reduced the afterburner cabuetion  efficiency 
t o  such a level that it was no longer  possible t o  operate at maximum 
turbine-outlet temperature. ( See fig. 20( b) . ) A t  low altitudes, the 
two-position  exhaust  nozzle is too mal l ;  that is, limiting turbine- 
outlet temperature is obtained a t  a relatively Im fuel-air ratio.  A t  
a high al t i tude such as 45,oOO feet, the nozzle ares. is too  large; that 
is, limiting turbine-outlet tenperatme ( e n d  thus m~tximum thrust) is not 
obtained. 

The maximum net thrust obtainable w i t h  this afterburner  configuration 
and the possible improvement  by the substitution of a variable-area 
exhaus% nozzle is shown in figure 2 1  a6 a function of alt i tude.  A t  
al t i tudes from 5000 t o  35,000 feet the thrust increase due to   d te rburn ing  
and with the two-position exhaust nozzle waa about 40 percent of rated 
net  thrust. At 45,000 feet, where the maximum turbine-outlet and 
exhaust-gas temperatureB w e r e  relatively low as a result of the poor 
combustion efficiency, the rated net  thrust  w i t h  afterburning could be 
increased only 18 percent. The thrust  increase  available at the after- 
burner  exhaust-gas temperatures of 3200° and 3400° R and at a constant 
turbine-outlet tenperatme w a s  calculated and is shown i n  figure 21. In 
order t o  maintain the turbine-outlet  temperature  constant mer a range of 



altitudes, it wouJ-d be necessary t o  vary the nozzle area. Afterburning 
t o  an exhaust-gas temperature of 3200° R would probably  be possible at an 
al t i tude of 45,000 fee t  because a decreme i n  exhaust-nozzle area would 
increase  both  the-turbine-outlet  temperature and afterburner combustion 
efficiency. A t  an altitude of 5000 feet, thrust  Increases of 43- and 49 
percent would be obtained at exhaust-gas temperatures of 3200' and 34UOo 
R, respectively (f ig . .  21). In order t o  operate. a turbojet  engine equipped 
with afterburning at high  exhaust-gas  temperatures over a wide range of 
altitudes, the exhaust-nozzle area must-therefore be adjusted. 

E f f k c t  of exhaust  nozzle on specific fuel  cansumption. - Because of 
the relatively high cycle  efficiency of the normal turbojet engine cm- . 
pared w i t h  that  of the afterburn" cycle, it is des i rab le   to   ob tak  as 
k r g e  a part  of the t o t a  parer   &tpuLfrw .the. t c B o ~ e t -  engine as pos- 
sible. The engine  should therefore be operated k t  &ximum turbine-outlet 
temperature and pressure a t  a l l  times. For "&e-.a?terburner with a two- 
position  nozzle, however, any thrust  less than the deeign thrust for  the" 
nozzle i n  the open position w i l l  r esu l t  i n  lowered turbine-outlet temper- 
atures and pressures and thus  excessively high specific  fuel consumption. 
The variation of specific fuel consumption with net  thrust is s h m  in 
figure 22 for  aFterburning w i t h  a two-position e d  & variable-area  exhaust 
nozzle. For normal engine  operation with both  nozzles i n  the closed 
position, a specific  fuel consumption o f  1,28-_is_o~tained at 100 percent 
of rated net thrust. A t  f u l l  afterburriing,  limiting  turbine-outlet 
temperature, asd 135 percent of rated  net thrust, -both exhaust  nozzles 
are full open  and the specific  fuel  conswqtlon is 2.31. 

. .  

" 

- -~ .. . .  

.. . - 
i . -- 
"- 

Thrus t  reduction frm f u l l  afterburning with the two-position noz- 
zle  results  in  lmered  turbine-outlet  pressure and temperature, whereas 
with the variable-area  nozzle  the  turbine-outlet pressure and temperature 
me maintained constant by adjusting the area. For any thrust off  the 
design  point for  the two-posit ion- nozzle with afterburning, spec if  ic  -fuel- 
consumption values  are higher compared t o  those  obtaiwble w i t h  a 
variable-area  nozzle, A t  120 percent of rated net thrust,  specific fuel 
consumptions of 2.40 and 1.88 ( a 25-percent reduction) are obtained fo r  
aPterburning w i t h  a two-position and variable-area  nozzle,  respectively. 

The specific fue l  consumption of a turbojet  engine combination wi th  
afterburning  can  be  considerably improved  by adjusting  the  nozzle area t o  
maintain  constant  turbine-outlet  temperature and pressure at thrusts 
below the maximum value for  full  afterburning. 

The performance of several  full-scale exhaust nozzles of both the 
constant- and variable-area  types and their effects on the performance 
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chmacteristics of turbojet engines were investigated over a wide range 

0.99, and flaw coefficients between 0.95 and 0.99 were  obtained f o r  the 
constant-area  nozzles. These conical-nozzle data did  not agree wlth 
emall-scale data available in the l i terature.  Although velocity  coef- 
f icients ae low 88 0.87  were obtained  with the nmplanar  variable-mea 
nozzle, the performance of the planar variable-area  nozzle w a s  can- 
parable t o  that obtained  with the coI;ical exhaust nozzles. 

- of simulated flight conditione.  Velocity  coefficients between 0.94 and 

Increming the thruEIt of a turbo j e t  engine equipped wlth a variable- 
area exhaust  nozzle can be accampliehed more  rapfdly by decreasing  the 
nozzle area than by increasing the rotating speed of an engine that hae 
a conatant-area nozzle. For instance, at 811 alt i tude of 45,000 f ee t  am3. 
a flight Mach number of 0.21, increaEling the thrust from 75 t o  100 per- 
cent of rated thruet w i t h  a variable-area  nozzle  requires about 7 per- 
cent long aa the time  required with a cmtant-area  nozzle. 

For three  axial-f law turbo jet engines investigated a t  several 
flight conditions f o r  50 t o  100 percent of rated thrust, about the same 
specific f u e l  consumptions were  available  for .constant-&ea  variable- 
speed &B ~ t h  variable-area and opthrm-engine-speed  operation. 

a It w m  possible  to  operate a turbojet engine equipped w i t h  a 
variable-mea nozzle  at lFmiting exbugt-gas  temperature ad. engine 
speed, irrespective of the altitude effect on the englne. For two 
axial-f lm engines inveEltigated, a d j w t h g  the nozzle  mea at an alti- 
tude of 45,000 feet (to permit engine operation a t   ra ted  speed),  
increased the  net thruet between 3 and 6 percent. 

For the  particular  turbojet engine and afterburner  investigated 
wlth a two-position exhaust  nozzle, the  nozzle  area was t o o  amall t o  
permit  afterburning t o  maximum exhaust-gaa  temperature a t  an alt i tude of 
5000 f ee t  and too W g e  for the attainment of lhiting turbine-outlet 
temperature at an alt i tude of' 45,000 feet .  

The specific fuel consumption w i t h  EtPterburning and a two-position 
nozzle was higher  than that obtainable w i t h  a variable-area  nozzle a t  all 
th rus ts  less than the design value. At  120 percent of rated  net thrust 
(where the two-position nozzle wae d.eeign.4. f o r  135 percent of rated 
thrmet)  the  specirlc  fuel consumptions were 2.40 and 1.88 f o r  the  two- 
position and variable-area  nozzle,  respectively. 

LewLs Flight  Propuhion Laboratory, 

Clevelasd, Ohio. 
- National Advisory Committee f o r  Aeronautics, 
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croee-sectional mea, e q  f t  

scale reading, Ib 

flow ooef f icient 

effective  velocity  coefficient. 

drag, lb  

net thrust, l b  

Jet thrust, l b  

acceleration due to  gravlty, 32.2 ft/sec2 

maee flow, sl'ugs/sec 

s ta t io  pressure, lb/sq ft 

t o t a l  pressure, lb/eq f t  

cons ta t ,  53.3 ft-lb/lb-OF 

s t a t i c  temperature, OR 

total temperature, OR 

velocity,  ft/eec 

weight fluw, lb/sec 

ra t io  of' ~ p e c w i c  heats 

demity, sluge/cu f t  

Subscripts : 

a air 

e effective 

- ". 

.I 
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f 

n 

r 

0 

1 

2 

fuel 

exhaust -nozzle exit  

exhaust rake 

free stream 

compressor in le t  

exhaust-nozzle measuring station 

For conical nozzles 1, 3, 4, and 5, this  station w a ~  1 inch 
upstream of nozzle exit. 

3 
For conical  nozzle 2, this station w&8 1%- incshes upstream 

of nozzle ex i t .  

For both vwiable-area  nozzles, this station wa8 1 Inch 
upstream & fixed  nozzle l i p  ( f i g .  2 ) .  

Velocity  coefficient. - The velocity  coefficient is defined &B the 
ra t io  of velocity attained by a &as issuing frm a nozzle t o  the theoret- 
ical  velocity with isentropic expansion t o  ambient preseure (reference 8).  
For complete isentropic expansion at pressure ratios above the c r i t i c a l  
value, hawever, a oonvergent-divergent  nozzle would  be required. For 
converging nozzles where f r ee  expansion exists beyond the nozzle exit, 
the maximum obtainable Jet velocity is 

This velocity ie termed the effective  velocity w i t h  a  converging  nozzle. 
(see reference 9 . )  The dfective  velocity  coefficient IS then defined 
a0 



16 

where 
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and 

FJ = B + D + mlVl + A1(Ps, l-PB, o) + Dr 

Flow coefficient. - Nozzle flaw coefficient  is  defined aa the  ratio 
of the  actual to theoretical mass flow (reference 7). 

%ctual Cf = 
mtheoretical . - 

I Y2 -1 

f o r  subsonic flow 

f o r  supersonic flow 

'l2brm-b. - The Jet  thrust WBB calculated from the  momentum at the 
nozzle axit and the excem preseucre energy 
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FJ P m 

I r 72 -rl 

F = F3 - mlV1 
Specific  fuel consumption. - The r a t i o  of fuel consuption in  

pounde per hour t o  net thruet defined as the specific fuel 
consumption. 
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(a) Turbo jet-englne &ut system  Kith conical exhaust nozzle. 

h 

" 

(b) Turbojet-engine exhaust  system  vith variable-area exhaust nozzle. 

Figure 2. - Turbojet exhaust systeme aharlng nozzle measuring stations.  
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(b) Nozzle in closed poaitim. 

Figure 3. - Tail pipe of turbojet engine with nmplanar variable-area exhaust nozzle. 
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1. 

1. 

1.0 1.4 1.8 2.2 2.6 3 ..o 
Exhaust-nozzle preseure r a t io  

(b) Instnunentation d3Liameter  ratio,  0.995. 
m e  6. - EfPect of instrumentation  diameter  ratio on effective 

velocity coefficients of con ica l  exhaust nozzles.  Cone half 
angle, 3.4O; outlet diameter,  19.06  inches;  nozzle investigated 
on engine A. 
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1.10 

1.00 

.90 
+ 
g! 1.10 

(a) Cone half angle, 2 . 9 ;  inatnunentation diameter ratio, 0.995; 
outlet Blameter, 18.88 inches. 

E (b) Cone half angle, 4 . 9 ;  instrumentation diameter ratio, 0.9gO; 
o u t l e t   d i e t e r ,  17.15 inches. 

1.10 

1 .oo 

.90 
1.0 1.4 1.8 2.2 2.6 3.u 3.4 3.8 

. .  

m u s t - n o z z l e  pressure ratio 

( c )  Cone half angle, 8.F; inst-ntation  ratio, 0.981: 
outlet biameter, 14.76 inches. 

Figure 7 .  - Variation of effective  velocity  coefficient with..e+mt-.rnzzle preaaure ratio 
fo r  conicaJ nozzles wfth three cone half angles. loseIe8 investigated on engine 

" 

. " " 
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1.00 

.90 

0 6,000 
0 15,OOo 
d l5,OOo 
0 25,000 
A 25,000 
V 25,000 
4 35,000 
D 45,000 

0 -25 .25 
.52 
.25 
.52 
.71 
.25 
.25 

(a) Instrumentation  diameter  ratio, 0.919. 

1.0 1.4 1.8 2.2 2.6 3.0 
Exhaust-nozzle preseure ratio 

(b) Instrumentation diameter ratio, 0.995. 

Figure 8. - =feet of instrumentation dLameter ratio on f l o w  coeffictents of 
conic€& &aut nozzle. Cone half m e ,  3.4'; ouflet  diameter, 19.06 inches; 
nozzle investigated on engine A. 
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(a) Cons h d f  m e ,  2.S0; instrumentation diameter ratio, 0.9951 
outlet dlmter, l8.88 inches. 

b Corm half e 4.90 instrumentation dicumeter ratlo 0.991 

1.0 1.4 1.8 2.2 2.6 3.0 3.4 3.8 

( c )  cone half angle, 8.20; instrwnentation  diameter ratio, 0.9815 
outlet  diometer, 14.76 inohas. 

1Exhsust-nozzle preseure ratio 

Figure 9. - Variation of f low coefficient  vlth exhau8t-mzzle pressure ratio for conical. 
nozzles with  three cone half angles. Nossles Investigated on engine 8. 



1.00 

.95 

1.0 1.4 1.8 2 . 2  2 .6  3.0 3.4 3 .e 
Nozzle pressure ratio 

(b) Blw cosfficlent. 

Fi&re,  10. - Camparison of nozzle coefficiente obtain& fram full-scale conical nozzles rn 
turbojet englnes and frcn small-scale nozzles in cold air. 
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1.10 

1.00 

.90 

.80 
(a) Nonplanar exbut noF.zJe; elre;ine.B. 

1.10 

1 .oo 

1.0 1.4 - 1.8 2.2 2.6 3 .O 3.4 
Exhauet-nozzle pressure ratio 

(b) P l a n a  exhaust nozzle3 engine A. 

Figure 11. - Variation of effective velooity  coeffioient w i t h  exhaust-nozzle 
preseure ratio for oLam;hell variable-area exhawt nozsles over w-ib range 
of fligat conditions. 
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5 (a) Ronpl- exhaust nozzle; engine B. 
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Nozzlee m i n e  speed 
0 Conatant area Variable 

. El Variable area 99 percent o f  rated 
0 Variable area 86 percent o? rated 
A Vsriable area 80 percent of rated 

140 

100 

rr 6G + 
(a) Altitude, 25,000 feet. 

e (b) Altitude, 35,000 feet. 

50 60 70 80 90 
Percent of rated net thrust 

(c)  Altitude, 45,000 feet. 

Mgure 13. - Comparison of speclffic fael aonsumption and 
oonet€m%- and variable-area eachaust nozzle8 for engine 
Maoh nmhber, 0.21. 

100 110 

net thrust far 
A. Plight 

. 

. " 
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Nozzle Engine speed 

0 Constant  area Variable 
0 Variable area 100 peroent of' rated 
0 Variable area 96 peroent of rated 
A Variable area 88 peroent o f  rated 

140 

100 

r( 60 8 
.P 

(a) u t $ t . d e ,  15,000 feet; f l ight  Mach number, 0.52. 

140 

100 

60 
(b) Altitude, 25,000 feet;   f l ight  Mach number, -0.72. 

140 

100 

I 

.=-Ev= 
50 60 70 80 90 100 110 

Percent od rated t h s t  

(c)  Altitude, 25,OOO feet ;   f l ight  Mach number, 0.85. 

Figure U. - Ccmpsrism of-specific f u e l  C ~ 8 U m p t i ~  and rated thrust for 
canstant- and variable-area exhaust nozzles for engine B. 
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Nozzle Engine speed 
0 Conetant area Variable 
0 Variable area Rated 

.. 

140 

100 

I I t I I I I I I I 

140 

100 

60 

(a) Altitude,  5000 feet; fligbt Mach number, 0.26. 

(b) Altitude, 25,000 feet; flight Mach number, 0.26. 

" 

" 

Percent. of rated net- t h rus t  

(c)  Altltude, 25,000 f e e t ;   f l i g h t  Mach number, 0.91. 

Figure 15. - comparison of spec i f ic   fue l .cmsmpt ion  and net thruet f o r  canstant- 
and variable-area exhaust nozzles for engine C. 
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(a) Engine A; flight Mach number, 0.21. 
120 

100 

80 

60 

40 

Percent of rated exhaust-nozzle area 

(b) Engine B; flight Mach number, 0.52. 

Hgure 16. - Variation of net thrust with exhaust-nozzle a r e a  f o r  two 
turbojet engines operated over range of altitudes  at rated  engine 
speed. 



(a)  Engine A; rated engine speed. 

100 .llO 120 130 140 
Percent of rated  exhauet-nozzle area 

(b) Engine B; 96 percent of ra ted engine epee&. 

U 

. 
Figure 17. - Variation of net thrust with exhaust-nozzle area for 

two turbo jet engine8 over range of flight Mach nmbers. 
Altitude, 25,000 feet. 

. .  
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40 

a E! (a) Engine A; flight Mach number, 0.26. ' 1700 . .. . .  . . .  . - . . . . - . - . . .  

$ 
f 
B ' 1500 /' / 

60 70 80 .. 90 100 
Percent of rated engine speed .. . 

(b) Engine E; f1ight"ach number, 0.52. 

Figure 19.- Variation of exhaust-gas temperature with engine speed 
for  two turbojet engines with constant-area exhaust nozzles. 
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Percent of rated net thrust 
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